Abstract: Characterization of the vertical distribution of soil organic carbon (C), nitrogen (N), and phosphorus (P) may improve our ability to accurately estimate soil C, N, and P storage. Based on a database of 21 354 records in 74 long-term monitoring plots from 2004 to 2013 in the Chinese Ecosystem Research Network (CERN), we built fitting functions to quantify the vertical distribution of soil C, N, and P (up to 100 cm depth) in the typical Chinese terrestrial ecosystems. The decrease of soil C, N, and P content with depth can be well fitted with various mathematical functions. The fitting functions differed greatly between artificial (agriculture) and natural (desert, forest, and grassland) ecosystems, and also differed with respect to soil C, N, and P content. In both the artificial and natural ecosystems, the best fitting functions were exponential functions for C, quadratic functions for N, and quadratic functions for P. Furthermore, the stoichiometric ratios of soil C, N, and P were ranked in descending order: grassland > forest > agriculture > desert, and were also associated with climate. This study is the first to build the fitting functions for the profile distribution of soil C, N, and P in China at a national scale. Our findings provide a scientific basis to accurately assess the storage of C, N, and P in soils at a large scale, especially for the integrative analysis of historical data.
Introduction
Soil organic carbon (SOC), nitrogen (N), and phosphorus (P) are important indicators for soil fertility and quality (Andrews et al., 2004; Lal, 2004; Schindler, 2006) . Soil is the largest SOC pool of terrestrial ecosystems (1500 Pg C) (Jobbagy and Jackson, 2000) . Many studies have demonstrated that terrestrial ecosystems have a tremendous capacity to sequester atmospheric CO 2 ; thus, rational management could help partially offset anthropogenic CO 2 increase (Conant et al., 2001; He et al., 2008) . N is essential for plant growth, and it is estimated that vegetation adsorbs about 50%-70% N from the soil (Dewes, 1999) . Thus, N addition may significantly enhance primary productivity in most terrestrial ecosystems. Similarly, P is another important element for plant growth (Compton et al., 2000) , and is mainly derived from soil parent material and fertilization (Wang et al., 1999) . Consequently, P is considered as a limiting nutrient for plant growth at the geological time scale (Compton et al., 2000) .
The cycles of C, N, and P in soils are closely corre-lated (Agren et al., 1991; Vitousek, 2004) . Global warming resulting from an increase in atmospheric CO 2 alters the plant growth environment, and affects N and P turnover (Robinson et al., 1995) . For example, rising temperature is expected to promote soil N mineralization and to enhance plant growth (Tong et al., 2005) . Available P is influenced by the parent rock over a long time, but is mainly derived from the decomposition of litter and soil organic matter (SOM) over a short time (Kellogg and Bridgham, 2003) . Climate warming impacts soil P availability by altering temperature and moisture, which control the decomposition of litter, SOM, and soil parent material (Robinson et al., 1995) . Overall, the ecosystem C budget is restricted by soil N and P availability (Reich and Oleksyn, 2004) , because they affect plant growth and control the accumulation and decomposition of SOM (Hobbie and Vitousek, 2000; Harrington et al., 2001) . Furthermore, soil N and P availability may affect the N and P content of plants and thus plant photosynthesis (Cordell et al., 2001a; 2001b) . Understanding the profile distributions of soil C, N, and P may therefore provide a solid foundation for exploring how these cycles are coupled. Some studies have demonstrated that the vertical distribution of soil C, N, and P at specific sites or regions. Alvarez et al. (2011) studied the vertical distribution of C and N in the 0-30 cm soil layer under different management practices in Argentina. van der Wal et al. (2007) reported the P vertical distribution of 0-30 cm soil at an abandoned farmland in the Netherlands. Furthermore, Liu et al. (2012) reported the C vertical distribution of brown soil to a depth of 60 cm under different land use types in China. Qiu et al. (2012) investigated the profile distribution of P in red, alluvial, and purple soils in China. Wang et al. (2004) estimated the SOC vertical distribution and its relationship to climate and vegetation in Chinese terrestrial ecosystems based on soil geographic and vertical attribute data from the Chinese Second Soil Survey Database. However, it remains unclear whether the vertical distributions of soil C, N, and P can be fitted by mathematic functions, and whether the fitting functions remain consistent in different ecosystem types.
To date, the fitting functions of the vertical distributions of soil C, N, and P have not been reported at large scale. Possible reasons included the inconsistence of sampling and analytical methods in historical datasets, a deficiency of replicates, and a lack of data for deeper soil layers. Fortunately, the long-term monitoring program of the Chinese Ecosystem Research network (CERN) has overcome these limitations, through implementing consistent sampling designs and measurement methods over a long time period. In this study, a database of containing monitoring records at 74 long-term experimental plots in CERN were used to quantitatively assess the vertical distributions of C, N, and P in the 0-100 cm soil profile. The main objectives were to: 1) establish the fitting functions for the vertical distribution of soil C, N, and P in Chinese typical terrestrial ecosystems; 2) explore whether the fitting functions are consistent among different ecosystem types, and 3) provide scientific parameters for the accurate estimation of soil C and N storage at regional and national scales.
Materials and Methods

Study area and data processing
The study area covers most of the typical terrestrial ecosystems in China. In order to explore the fitting functions of soil C, N, and P profile distribution in typical terrestrial ecosystems in China, we used the data from the long-term monitoring experimental plots at field stations of CERN (www.cerndata.ac.cn) (Fu et al., 2010) (Fig. 1) .
In the data processing, we only selected 33 field stations that have been regularly monitored for more than 10 years. At each station, more than 2 plots were selected. If a specific station contained different ecosystem types (agriculture, forest, grassland, and desert), we selected 2 plots for each ecosystem type. A total of 74 experimental plots were selected, and the description (e.g., ecosystem type, topography, soil type, and dominant species) for each plot was provided in Table 1 .
Measurements of C, N, and P
A total of 21 354 records were available for soil C, N, and P in 0-100 cm soil depth from 2004 to 2013. The SOC content (g/kg) was measured using the modified Mebius method (Nelson and Sommers, 1982) . Total N (TN) content (g/kg) was measured using the modified Kjeldahl wet digestion procedure (Gallaher et al., 1976) . Total P (TP) content (g/kg) was determined by the ammonium molybdate method after persulfate oxidation (Kuo, 1996) . to explore the general trends.
Curve estimation
The soil C, N, and P content was first averaged at different depths for the 10-year monitoring period. The data were then analyzed by Curve Estimation of SPSS 13.0, which contain quadratic, compound, growth, logarithmic, S, exponential, inverse, and power functions. When the coefficient (R 2 ) of the fitting functions was similar, Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) were used to determine the best fit function, from which functions with smaller AIC and BIC values were selected (Bozdogan, 1987; Aho et al., 2014) . In practice, AIC and BIC were calculated as follows:
where RSS is the residual sum of squares; n is the number of observations, and k is the number of estimated parameters.
Results
Vertical distribution of soil C, N, and P content
The profile distribution of soil C, N, and P content was higher in the upper soil layer compared to the deep soil layer, irrespective of vegetation types or climate zones. For example, Figs. 2-4 show that soil C, N, and P content significantly decreases with increasing soil depth in agriculture (Fengqiu-A), forest (Xishuangbanna-A), grassland (Inner Mongolia-A), and desert ecosystems (Shapotou-A). Similar trends were observed in other plots (data not shown).
Fitting functions for vertical distribution of soil C, N, and P
As shown in Table 2 , the vertical distribution of soil C, N, and P in all plots was well fitted by different curve functions, although the fitting functions differed among different plots. The SOC profile distribution was better fitted with exponential functions in the artificial agricultural ecosystems only excluding the plots of Changwu and Naiman stations from 38 plots. Among the type of the best fitting functions, there were 53% of the exponential function and 45% for the power function. Similarly, soil TN can be fitted by quadratic functions in all plots (P < 0.05 for all plots), with 76%, 11%, and 8% of the best fitting functions being respectively quadratic, exponential and logarithmic functions. In total, the power functions fitted the SOC profile distributions well in 36 natural ecosystems plots (desert, forest, and grassland) except for the plots of Cele station (P < 0.05 for all plots). The best fitting functions were about 44% for the power function, 36% for the exponential function, and 6% for the S function and 8% for inverse functions. Soil TN content was best fitted by power functions in the natural ecosystems, with the best fitting functions being 31%, 19%, and 19% for power, exponential, and quadratic functions, respectively. Quadratic functions well depicted the profile distribution of TP in the 0-100 cm soil for all 74 plots ( Table  2 , Fig. 4 ). The best fitting functions for TP were the quadratic function (97%) followed by logarithmic functions in the artificial ecosystems, and the quadratic functions (67%) followed by the inverse (19%) and S (6%) functions in the natural ecosystems.
Overall, the best fit functions for soil C and N content clearly differed between artificial (agriculture) and natural (desert, forest, and grassland) ecosystems; however, the vertical distribution functions of soil P content were similar in both artificial and natural ecosystems.
Stoichiometric ratios of C, N, and P in soil
Stoichiometric ratios of C, N, and P of soils are ordered as follows: grassland > forest > agriculture > desert (Table 3) . The similar vertical distributions of soil C, N, P, and their best fitting functions in both artificial and natural ecosystems indicated the close coupling relationships between soil C, N, and P at a large scale. The stoichiometric ratios of C, N, and P were also associated with climate to some extent. The ratios generally were lower in the warm temperate and north subtropical zones, higher in the temperate and south subtropical zone, and highest in the Tibetan Plateau (Table 3) . 
Discussion
Fitting functions for profile distribution of soil C, N, and P
This study established a set of the fitting functions for the profile distribution of C, N, and P in the 0-100 cm soil layer in the Chinese terrestrial ecosystems. The exponential function, quadratic function, and quadratic function were found to be more suitable to characterize the vertical distribution of soil C, N, and P, even though the best fitting functions differed among different ecosystems. Many studies have demonstrated that the soil C, N, and P content decreases with increasing soil depth (Panda et al., 1988; Bowman and Savory, 1992; Hobley et al., 2013) . Furthermore, Zinke (1978) developed the cumulative log-log models to describe SOC profiles. Jobbagy and Jackson (2000) used the logarithm functions to construct the relationships between SOC and soil depth using three global databases. Our study suggests that it should be cautious to use a general function to simulate the change of SOC content with increasing soil depth because the best fitting functions differed among ecosystems.
Differences between artificial and natural ecosystems
The fitting functions for the profile distribution of soil C, N, and P content in the 0-100 cm appeared to differ in artificial and natural ecosystems. The exponential and quadratic functions fitted the C, N, and P profile distribution well in agricultural soils. In contrast, the power and quadratic functions were the best fitting functions for natural soils (forest, grassland, and desert soils). Turner (1989) reported that the soil environment may alter as a result of changes in natural and ecological processes under different ecosystem types. In the artificial ecosystems, natural and human factors jointly influence the distribution of soil nutrients (Wang et al., 1996) , with fertilization and cultivation exerting stronger impacts on the upper soil (Coleman et al., 1993; Drinkwater and Snapp, 2007) . Furthermore, Crow et al. (2009) reported that the C and P content in the surface soil was directly related to the input of litter and mulch in farmlands. In the deep soil layer, soil genesis becomes more important. In natural ecosystems, soil forming factors, such as climate, topography, parent material, biology, and time are important for soil C, N, and P vertical distributions (Sinsabaugh et al., 1993; Olander and Vitousek, 2000; Xia et al., 2014) . Furthermore, soil P content is regulated by various biological factors and disturbance in the short-term, while geochemical factors of the parent rock represent the main controlling factors in the long-term (Kellogg and Bridgham, 2003) .
Coupling relationship of soil C, N, and P vertical distribution
The best fitting functions observed here imply the close coupling relationships among the C, N, and P storage in the 0-100 cm soil profile. Ecological stoichiometry (or soil C∶N∶P ratios) are expected to provide a new approach to analyze the coupling cycles of soil C, N, and P (Sterner and Elser, 2002) . Our findings showed that the C∶N, N∶P and C∶P ratios ranked in order from grassland > forest > agriculture > desert. The observed differences were mainly due to differences in the element ratios of vegetation consumption and release from soil and atmosphere (Sterner and Elser, 2002) . Some studies have suggested that climate factors play an important role in the vertical distribution of soil C, N, and P by controlling soil development, biota, and their interactions (Chadwick et al., 1999; Oleksyn et al., 2003; Vitousek, 2004) . The stoichiometric ratios of C, N, and P were associated with climate in this study. The general trends were lower in warm temperate and north subtropical zones, and higher in temperate (or Tibetan Plateau) and south subtropical zones. The tropical and subtropical ecosystems with high productivity do not maintain relatively high soil C content due to the stronger effects of temperature on SOM decomposition, but high temperatures and ample precipitation in these systems may result in high P leaching rates and P occlusion of highly weathered soils (Vitousek et al., 1987; Neufeldt et al., 2000; Zhang et al., 2005) , leading to the highest C∶P and N∶P ratios. In contrast, the dry and cool climate of temperate deserts results in low productivity, lower soil C and N content, and low P loss through leaching, along with higher soil P content. Consequently, temperate deserts have the lowest soil C∶P and N∶P ratios among all climatic zones (Tian et al., 2010) . In addition, Walker and Adams (1958) reported that C∶P ratios declined much faster than the C∶N ratios with increasing soil depth. One possible explanation for this phenomenon is that soil P mainly derives from soil weathering, in addition to soil available P migrating through plants and surface accumulation.
The delineation of fitting functions for the vertical distribution of soil C, N, and P in typical terrestrial ecosystems is of great significance. First, the functions provide a scientific basis and new approaches to accurately estimate the storage of soil C, N, and P at regional and national scales. These fitting functions are of significance for scientists to integrate sparse data from different sources with different soil depths to estimate C storage at large scale. Second, the coupling cycles of C, N, and P have been considered as one of the hot spots of global climate change study (Lal, 2004; Schipper et al., 2004) .
Conclusions
Regression functions were built for the profile distribution of soil C, N, and P content in the 0-100 cm depth in the Chinese terrestrial ecosystems. The best fitting functions with respect to soil C, N, and P content differed, to some extent, in different plots, especially between artificial and natural ecosystems. In both the artificial and natural ecosystems, the best fitting functions were exponential and power functions for C, quadratic and power functions for N, and quadratic functions for P. The best fitting functions for soil C, N, and P content indicated a close coupling relationship among the storage and turnover of soil C, N, and P. The stoichiometric ratios of soil C, N, and P content ranked as follows: grassland > forest > agriculture > desert, and are associated with climate. This study is the first to build the fitting functions of vertical profiles at the national scale. The study provides an important tool to accurately estimate soil C, N, and P storage at a large scale, and give new insights into the coupling cycles of soil C, N, and P.
